Background
The yeast non-Mendelian genetic element, [URE3], was discovered by Francois Lacroute in 1971 as a dominant 'mutation' making cells able to take up ureidosuccinate so that they could grow in spite of a block in aspartate transcarbamylase, whose product is ureidosuccinate (1, 76; see Fig. 1 ). A 'non-Mendelian' genetic element is characterized by its failing to segregate at meiosis (as do chromosomal gene differences), and its efficient transfer by the transfer of cytoplasm from cell to cell.
[URE3] segregates irregularly in meiosis in most crosses (1, 76) . Figure 1 . Ure2p, Ureidosuccinate, uracil biosynthesis and nitrogen regulation. Yeast normally prefers ammonia or glutamine as a nitrogen source, and URE2 is involved in repressing the synthesis of proteins for utilization of poor nitrogen sources when a good nitrogen source such as ammonia is available (Fig. 1,  1 , reviewed in 66, 67). Ure2p acts by blocking the transcription activation by Gln3p (68, 69, 70, 17, 71) . The similarity of structure of ureidosuccinate to allantoate results in ureidosuccinate being recognized by Dal5p, the allantoate uptake protein (72) . Because allantoate is a poor nitrogen source for yeast, Dal5p is subject to Ure2p control, and thus so is ureidosuccinate uptake (Fig. 1, ref. 73 ).
[URE3] and [PSI] are Prions of Yeast and Evidence for New Fungal Prions
[URE3] and ure2 are scored by testing growth of aspartate transcarbamylase mutants (ura2) on synthetic medium with ammonium as nitrogen source and ureidosuccinate in place of uracil. Modified from ref 74. Aigle and Lacroute found that [URE3] was transfered efficiently by cytoplasmic mixing (cytoduction) (2) . In the same screen in which he found [URE3], Lacroute also isolated recessive mutations in a chromosomal gene that he named URE2.
[URE3] was shown to be unrelated to mitochondrial DNA (1) and the dsRNA yeast viruses (3) . Remarkably, propagation of [URE3] did not occur in a ure2 mutant (2) . This struck us as unusual because the phenotype of the presence of [URE3] and the defect in ure2 were essentially the same. In contrast, the phenotype of the presence of M dsRNA (killer) and of recessive mak mutants unable to propagate M dsRNA (non-killer) are opposites (for review see 4) . There are other possible explanations for this, none of which proved to be true as we shall discuss, but the possibility that [URE3] was a prion form of Ure2p first arose from our reaction to this result of Aigle and Lacroute.
[PSI] is also a non-Mendelian genetic element of yeast, discovered in 1965 by Brian Cox (5) .
[PSI] makes weak nonsense suppressor tRNAs strong, and strong suppressors lethal (5, 6) .
[PSI] at first seemed specific for ochre suppressors, those suppressing the UAA codon, but later was found able to assist the bypass of any terminator (7) . Efforts to identify [PSI] with one of the known yeast non-chromosomal nucleic acid replicons were unsuccessful (8, 3) .
Expected Properties of a Yeast Prion
Yeast viruses are widespread in natural isolates, with most strains carrying most viruses. However, no yeast (or other fungal) viruses are known to spread by an extracellular route. Spread is always via the cell-cell fusion that occurs in mating or heterokaryon formation, and these elements are found as non-Mendelian genetic elements (reviewed in ref. 9 ). An infectious protein of yeast should likewise be found as a non-Mendelian genetic element. We proposed several features that make a non-Mendelian genetic element a strong candidate to be a prion (10; Fig. 2 ).
Reversible Curability
If it is possible to cure a yeast prion, it should nonetheless be possible to isolate some cells in the progeny of the cured, purified prion-less strain that have again acquired the prion. This is because the same spontaneous alteration of the normal form that gave rise to the prion in the first place can happen again, at some low frequency. This is not true for nucleic acid replicons, like viruses and plasmids.
Overproduction of the Normal Form Increases the Frequency with Which the Prion Form Arises
Since the prion form arises from the normal form, if there is more of the normal form, the frequency with which the prion change occurs should be higher, almost regardless of the mechanism of the prion change. Thus, overproducing the normal protein from a high-copy plasmid should increase the frequency with which the prion arises.
The Prion Produces a Similar Phenotype to Mutation of a Gene Needed for its Propagation
This criterion was suggested (10) in spite of the fact that this is not the case for PrP. Mice lacking PrP do not die of scrapie (11) ; in fact they live a normal lifespan and are immune to infection by scrapie (11, 12) . Scrapie is due to the accumulation of an abnormal form of PrP which no longer is degraded as is the normal form (13) . In growing yeast, it seems unlikely that gross accumulation of anything could be a problem. Rather, it should be the absence of the normal form of the protein that produces the phenotype. Cells carrying the prion form of the protein make the normal form, but quickly convert it into the prion (inactive) form. Cells carrying a mutation in the gene for the normal form do not make the normal protein from the start. Thus, it is expected that the phenotype of cells carrying the prion should closely resemble the phenotype of cells with a mutation in the normal form and the gene for the normal form will be necessary for the propagation of the prion. In fact, this is the way to find the gene encoding a protein one suspects of being a prion. Among chromosomal genes needed for its propagation, one whose mutant phenotype is the same as that of the presence of the putative prion is the candidate for the gene for the protein.
In contrast, the phenotype of the presence of a nucleic acid replicon is the opposite of that of a defect in a chromosomal gene needed for its replication. For example, mutants unable to propagate the killer toxin-encoding segment of the yeast dsRNA virus (mak mutants unable to propagate M dsRNA) are non-killers, but the presence of the M dsRNA makes cells killers. 
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Genetic Properties of [URE3] Indicate it is a Prion
[URE3] is efficiently cured by growth in the presence of 5 mM guanidine on rich medium (M. Aigle, cited in 14, 10), but a cured, purified strain can still give rise to clones carrying [URE3] at some low frequency (10) . This is reversible curability. The requirement of [URE3] for URE2 for its propagation (2, 10) 
Further Evidence that [URE3] is a Prion
Because PrP was discovered as a protease-resistant protein found in purified preparations of scrapie agent (16) , and because protease-sensitivity is a good non-specific probe of protein structure, we examined Ure2p by western blot in extracts of isogenic [URE3] and wild-type strains (15) . We found that Ure2p was unchanged in either migration on SDS polyacrylamide gels or in its amount. However, on treatment with proteinase K, while the Ure2p in extracts of wild-type strains was completely digested at the earliest time point (1 min) , that in extracts of [URE3] strains was partially resistant to this treatment (15 (75) . Proline derepression of nitrogen metabolism did not alter the protease sensitivity of Ure2p.
The Prion Domain of [URE3]
Overexpression of Ure2p results in a 20-to 100-fold increase in the frequency with which [URE3] appears in a wild-type strain (10, 15) . When various fragments of Ure2p were overexpressed and their ability to complement ure2∆ and their ability to induce [URE3] appearance were examined, it was found that the N-terminal 65 residues of the protein are sufficient to induce [URE3] at 100-fold the frequency of the same overexpression of the full-length gene (15; Fig. 3 ). Deletion of the same N-terminal 65 residues of Ure2p produced a C-terminal fragment that was able to carry out the nitrogen regulation function of Ure2p, but was unable to induce [URE3]. In fact, the background spontaneous [URE3] events were not seen in this case. We inferred that this C-terminal fragment is insensitive to the presence of [URE3] (15) . Thus, this Nterminal 65 residues is both necessary in cis for a molecule to be changed into the prion form, and sufficient (when overproduced) to induce the change in trans in normal Ure2p. We therefore call this the prion domain of Ure2p (Fig. 3 ).
Coschigano and Magasanik noted that Ure2p has significant homology to a number of glutathione Stransferases (17) . All of this homology is located in the Cterminal nitrogen regulation domain (Fig. 3) . However, glutathione S-transferase activity has not yet been reported in Ure2p. The N-terminal prion domain of Ure2p is very asparagine-rich (40% of residues), a feature that is doubtless related to the [URE3] prion phenomenon.
Mechanism of [URE3] Prion Propagation
The fact that overproduction of the prion domain induces [URE3], while overproduction of the C-terminal nitrogen regulatory domain does not, suggests the model shown in Fig. 4 (15) . The C-terminal domain not only does not induce [URE3], but it prevents one observing the usual spontaneous [URE3] events (15) . This suggests that the C-terminal domain cannot propagate the [URE3] change and that it is interactions between the prion domains of separate molecules that propagate the [URE3] change.
Genetic Properties of [PSI] Indicate it is a Prion
[PSI] can be cured by growth of cells in high osmotic strength media (18) , or by growth in the presence of 5 mM guanidine (19) . However, in both cases, curing is reversible in that colonies carrying [PSI] may again be isolated from cured purified strains (19, 20 
curability. It is important to note that for neither [PSI] nor
[URE3] is curability by guanidine evidence for a prion. The concentration of guanidine used is too low to be likely to have any denaturation effects on the proteins in the cell. Moreover, poliovirus replication is well known to be blocked by low concentrations of guanidine, an effect that is mediated by the RNA replicase (21) . It is the reversibility of curing that is a sign of a prion (10) .
The phenotype of [PSI] (14) is like that of sup35 mutants, increased efficiency of nonsense suppressors (22) . And SUP35 is necessary for the propagation of [PSI] (23, 24) . This is the relation of phenotypes and genes expected for a prion and the chromosomal gene for its normal form (10) (Fig. 5) . Furthermore, overproduction of Sup35p results in a 100-fold increase in the frequency with which [PSI] arises (20) . This induction of [PSI] appearance is not due to the presence of the SUP35 gene in high copy, nor to the increase of SUP35 mRNA, but the the elevated Sup35 protein (25) . Thus, [PSI], like [URE3], has all three genetic properties expected for a yeast prion (Fig. 2) .
Further evidence that [PSI] is a Prion
Sup35p is one of the subunits of the translation termination factor (26, 27, 28) , whose role is to recognize the termination codon, and release the peptidyl tRNA from the ribosome, cleaving the nascent peptide from the tRNA. Early evidence that termination was abnormal in [PSI] strains came from studies in which the yeast in vitro translation system was used to examine readthrough of termination codons of heterologous mRNAs in the presence of known suppressor tRNAs (29, 30 expressing a green fluorescent protein-Sup35p fusion protein also showed that in strains with [PSI], Sup35p was largely aggregated, but it was evenly distributed in wildtype cells (35) .
The Prion Domain of [PSI]
Sup35p may be divided into three domains: the N-terminal 154 residues which includes the octapeptide repeats and is rich in glutamine and asparagine, the middle 99 residues, and the C-terminal essential domain that has homology with elongation factor EF-1a and functions with Sup45p in translation termination (36, 37, 26, 28, 27) . Deletion analysis showed that the N-terminal domain is both necessary for propagation of [PSI] (23) and sufficient (when overproduced) to induce the appearance of [PSI] in a wild -type strain (25) (Fig. 4) . This is in close parallel to the results with [URE3] and the critical role of the amino terminal domain of Ure2p discussed above. The prion domain of Sup35p has multiple octapeptide repeats similar to those found in the N-terminal part of PrP, but the latter are not needed for scrapie propagation, so this similarity may be incidental. However, the Sup35p prion domain is asparagine-glutamine rich like the Ure2p prion domain.
Hsp104p is Critical for [PSI] Propagation
Chernoff and Ono (38) isolated a high copy plasmid that cured [PSI] . Its sequence showed that it encoded Hsp104 (39), a chaperone that is capable of disaggregating proteins that have been denatured by a heat shock (40) . Overproduction of Hsp104 from a GAL1 promoter also cured [PSI] (39) . Surprisingly, deletion of the HSP104 gene also resulted in the loss of [PSI] (39) . That Hsp104 overexpression can cure [PSI] both supports the idea that [PSI] is a prion, and that the prion change is one of conformation, rather than one of covalent modification. Two interpretations have been proposed for the loss of [PSI] in hsp104 mutants. One is that this chaperone must partially unfold the normal form of Sup35p in order for the prion form to convert it to the prion form (39) . The other interpretation is that, since the [PSI] form of Sup35p is an aggregate, this aggregate must be partially disaggregated in order to assure that each of the daughter cells receive some of the aggregate (34) . If there is just one big aggregate, one of the daughter cells will receive no aggregate and will have, in effect, lost [PSI] .
In vitro [PSI] Propagation
Recently, Paushkin et al. (41) have developed an in vitro system in which Sup35p purified from a [PSI] strain can initiate a self-perpetuating aggregation of normal Sup35p. They found that the aggregated Sup35p in extracts of [PSI] strains could initiate the aggregation of the soluble Sup35p in [psi] strains. This reaction could then be used as the seed for a new reaction which would then proceed as in the first one. Paushkin et al. were able to amplify the original aggregated form 200 -fold and there seems no reason why the reaction could not continue (41) . The product of the reaction showed the same rapid sedimentation and proteinase K resistance as did the seed material.
Highly purified Sup35p from a [PSI] strain was able to act as the seed for the prion change of soluble Sup35p purified from a hsp104D [psi] strain. This result suggests that the role of Hsp104 in [PSI] propagation is not directly in the conversion of Sup35p to the altered form, but rather, as these authors previously suggested, in guaranteeing the segregation of some aggregated form to each of the daughter cells (34, see above) . This is the first in vitro prion propagation system which can continue indefinitely. The biological aspects are clearly reproduced by this system in that the substrate is the normal Sup35p purified from [psi -] yeast, the initiating material is the aggregated highly purified Sup35p from [PSI + ] yeast, the product seems to resemble the seed material and the N-terminal domain shown to be critical for prion propagation in vivo is also critical in vitro (41).
Strains of [PSI]
While the strain of animal is important in determining the course of scrapie infection, different isolates of the scrapie agent, obtained from different diseased sheep by infection of mice, could be distinguished by differences in the incubation period before clinical disease developed, and by the regions of the brain showing pathology (42, 43, 44 , reviewed by 45). These scrapie agent strains show important differences in the same strain of mice. Recently, distinguishable strains of [PSI] , showing different efficiencies of suppression in the same yeast strain, have been described (25) . These [PSI] strains also showed differences in the ease with which they could be cured by growth in the presence of guanidine, or by overproduction of Hsp104 (25) . The [PSI] strain conferring stronger suppression was less easily cured by both agents.
This result is important because one of the strongest arguments advanced against the prion hypothesis for scrapie has been the existence of multiple strains of the scrapie agent, thought to be explicable only by a replicating nucleic acid. The results from Leibman's lab on strains of [PSI] support the notion that strains may be a general property of prions (25) .
Evidence for a New Prion, Pin + (for [PSI] Inducibility)
As if it were not interesting enough that Sup35p can show one prion phenomenon, Sue Leibman and coworkers have now found what appears to be a second prion determined by a different part of the same molecule (46) . Although [PSI] is induced by overexpression of Sup35p (20, 25) , it has now been found that not all strains show this effect (46 (46) . Although there is as yet no direct evidence that Pin + is an alteration of Sup35p, the effects of Pin + are so far on Sup35p's activity or modifiability, suggesting this conclusion. Since the C-terminal part of Sup35p is essential for growth, this will be tricky to prove. Derkatch et al. suggest that Pin + is a selfpropagating alteration of the C-terminal part of Sup35p that affects the availability of the N-terminal domain for interaction with the N-terminal domains of Sup35p molecules in the [PSI] conformation (46) .
A Prion of Podospora Determines Heterokaryon Incompatibility
Podospora anserina is a filamentous fungus. The filamentous ascomycetes have two modes of cell fusion. Mating involves cell fusion followed by nuclear fusion and leads to meiosis. Mating generally requires the presence of opposite alleles at the mating type locus. Another mode of cell fusion is heterokaryon formation. Branches of two fungal colonies meet and fuse without nuclear fusion occurring. Cytoplasmic mixing occurs, however, and so a cytoplasmic genetic element present in one colony can invade another colony. In Podospora, this heterokaryon formation requires identity of alleles at the het loci. When there are different alleles at a het locus, the fused cells die and form a barrier between the two colonies. This reaction is called heterokaryon incompatibility or vegetative incompatibility.
One such locus is the het-s locus of Podospora anserina. The alleles at this locus are het-S and het-s. The het-s locus encodes a 289 residue protein that differs at 14 positions between het-s and het-S (47). However, a single residue, at position 33 in the protein, H in het-S and P in het-s, is the dominant determinant of het-S or het-s behavior in vegetative incompatibility with a smaller influence of residue 23 (48) .
It was observed by Rizet in 1952 (49) that genetically het-s cells could have two different phenotypes. They can show the usual vegetative incompatibility reaction, in which case they are said to show the [Het-s] phenotype, or they can show neutral behavior, fusing with either het-S or with het-s strains ( Table 1) 
The Podospora Prion, Apoptosis and Vegetative Incompatibility
Vegetative incompatibility is a widespread phenomenon in filamentous fungi, and it has been the subject of extensive genetic analysis. This phenomenon is viewed as a normal part of the fungal life cycle, rather than as a disease. Thus, it is stiking to find that an apparently normal fungal function depends on the presence of a prion. Although [URE3] and [PSI] can be advantageous to the cell under certain special circumstances, it seems unlikely that they are really adaptive. Both, like scrapie, appear to be diseases. Heterokaryon incompatibility appears designed to limit the strains with which a given strain exchanges cytoplasm, and therefore infectious elements, all of which in fungi are cytoplasmic genetic elements (reviewed in ref. programmed cell death whose purpose is to limit the spread of the infection. Perhaps vegetative incompatibility has some of the same flavor, with the [Het-s] prion prompting apoptosis of Podospora.
Evidence that [URE3] is a Self-Propagating Amyloidosis of Ure2p
Fusion proteins of Ure2p with green fluorescent protein show an aggregated distribution in the cytoplasm of yeast cells carrying the [URE3] prion, in cells that do not have the prion an even distribution is seen (77) . Fusion of GFP to just the C-terminal domain, which genetic evidence shows cannot undergo the prion change, shows only the even distribution, even in prion-containing cells (77) .
The prion domain of Ure2p (Ure2p 1-65 ) was synthesized chemically and found to spontaneously form 45 Å diameter amyloid filaments in vitro (78) . As is typical of amyloid, these filaments are high in ß-sheet content, resistant to protease digestion and show the yellow-green birefringence on staining with Congo red typical of amyloid (78) . The Ure2p 1-65 prion domain fragment can promote filament formation by the native soluble full-length Ure2p purified from wild-type yeast cells (78) . The prion domain fragment and the full length native molecule form a 200 Å diameter cofilament with equimolar amounts of the two components. This cofilament formation occurs under conditions where the native Ure2p is stably soluble in the absence of the prion domain peptide. Cofilament formation is highly specific in that the Ure2p 1-65 peptide does not induce cofilament formation by proteins other than Ure2p. Nor does Aß 1-42 , the major component of the amyloid filaments of Alzheimer's disease, form cofilaments with Ure2p. These cofilaments again have all the properties of amyloid (78) . The cofilaments can act as a seed for 400 Å diameter amyloid filament formation by a large excess of native full length Ure2p (78) .
Three lines of evidence suggest that this amyloid formation is the molecular basis of the [URE3] prion phenomenon: 1) The pattern of protease-resistant fragments seen with the Ure2p amyloid formed in vitro (78) is the same as that seen for Ure2p in extracts of [URE3]-containing cells (15) . 2) It is the prion domain of Ure2p that promotes amyloid formation in vitro.
3) The aggregation of Ure2p in [URE3] strains can be explained by amyloid fiber formation under this condition. However, it will be important to isolate Ure2p from [URE3] cells and determine whether it is in the form of amyloid or not.
Evidence that [PSI] is a Self-Propagating Amyloidosis of Sup35p
Sup35p is aggegated in extracts of [PSI + ] strains (34) , and a fusion of GFP to the prion domain of Sup35p appears aggregated in vivo specifically in [PSI + ] cells (35) .
Extracts of [PSI + ] cells show a self-propagating aggregation of the Sup35p from uninfected cells (41) . The chemically synthesized prion domain of Sup35p spontaneously forms filaments in vitro that have all of the properties of amyloid (79) . Moreover, the full length Sup35p made in E. coli and solubilized with urea forms filaments in vitro which are high in -sheet and whose formation is seeded specifically by extracts of [PSI + ] cells (80 
Comparisons of [URE3] and [PSI] with Scrapie
The extreme UV-resistance of the scrapie agent indicated to Alper that it might infect without an essential nucleic acid (54) . This finding prompted the first clear description of the prion idea, by Griffith who proposed, "the sub-units can only polymerize by utilizing 'condensation nuclei' of polymer which are already there" (55) , essentially the crystal seed form of the modern 'protein-only' hypothesis. That spontaneous, inherited and infectious forms of Creutzfeldt-Jakob disease are all infectious for monkeys (56) argues for the prion idea, but was not interpreted in this way until much later. Griffith's idea was given substance in 1982 when Prusiner discovered PrP (16) . The PrP gene (57, 58) was shown (59) to be the same as the gene controlling scrapie incubation period in mice (Sinc) identified by Dickinson in 1968 . The demonstration that the PrP sequence controls scrapie infection (e.g., refs. 60, 61) , and that PrP is necessary for both the disease and propagation of the scrapie agent (12) , proved that PrP is central to the infectious process.
In spite of this and other evidence summarized elsewhere in this volume, there remains some question that the altered PrP is the sole component of the scrapie agent. PrP is highly aggregated in scrapie material, and it is virtually impossible to completely purify it. Moreover, infectivity is not precisely correlated with protease-resistant PrP. For example, infectious material apparently lacking PrP-res has been reported (62) . Evidence that overexpression of either normal or mutant PrP induces scrapie has been at best equivocal (63, 64) . Finally, in spite of many attempts, PrP made from a cDNA clone in various microorganisms has never been shown to be infectious for mice (e.g., 65). All of the evidence for the critical role of PrP in scrapie show that it is necessary, none show that it is sufficient.
The evidence for [URE3] and [PSI] being prions is in many ways better than that for PrP. The genetic evidence for both yeast systems is very strong. It is of course not surprising that it is easier to do genetics in yeast than in mice. The fact that purified scrapie agent is composed largely of PrP is a critical piece of evidence favoring the prion idea, and development of infection systems for the yeast systems would be a very important step. The [PSI] in vitro propagation system appears even better than the scrapie in vitro system because the reaction can continue indefinitely, but it is critical to show (in both systems) that new infectious material is being generated.
Conclusions
The genetic criteria that we have developed for yeast prions are now being applied to other systems, leading to a reinterpretation of long-known phenomena in accord with the prion concept. Studies of the yeast and fungal prion systems have dramatically changed the general view of prions.
• Prion phenomena are much more widespread than had been previously shown.
• Prions can be the basis of inherited characters.
• The genetic evidence for prions in yeast is far stronger than has been possible so far in mammals.
• Proof of involvement of chaperones in prion propagation is now available thanks to work on the yeast system. Identification of other involved cellular components promises to be far simpler in yeast.
• It may be possible, using yeast, to develop plate assays for agents that induce or that cure prions.
• Using yeast and fungal genetics, it should be possible to find out what other proteins affect generation, propagation or curing of prions.
